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ORIGINAL ARTICLE
APOBEC signature mutation generates an oncogenic enhancer
that drives LMO1 expression in T-ALL
Z Li1, BJ Abraham2, A Berezovskaya1, N Farah3, Y Liu4, T Leon3, A Fielding3, SH Tan5,6, T Sanda5,6, AS Weintraub2, B Li7,8, S Shen7,8,
J Zhang4, MR Mansour3, RA Young2,9 and AT Look1,10
Oncogenic driver mutations are those that provide a proliferative or survival advantage to neoplastic cells, resulting in clonal
selection. Although most cancer-causing mutations have been detected in the protein-coding regions of the cancer genome; driver
mutations have recently also been discovered within noncoding genomic sequences. Thus, a current challenge is to gain precise
understanding of how these unique genomic elements function in cancer pathogenesis, while clarifying mechanisms of gene
regulation and identifying new targets for therapeutic intervention. Here we report a C-to-T single nucleotide transition that occurs
as a somatic mutation in noncoding sequences 4 kb upstream of the transcriptional start site of the LMO1 oncogene in primary
samples from patients with T-cell acute lymphoblastic leukaemia. This single nucleotide alteration conforms to an APOBEC-like
cytidine deaminase mutational signature, and generates a new binding site for the MYB transcription factor, leading to the
formation of an aberrant transcriptional enhancer complex that drives high levels of expression of the LMO1 oncogene. Since
APOBEC-signature mutations are common in a broad spectrum of human cancers, we suggest that noncoding nucleotide
transitions such as the one described here may activate potent oncogenic enhancers not only in T-lymphoid cells but in other cell
lineages as well.
Leukemia (2017) 31, 2057–2064; doi:10.1038/leu.2017.75
INTRODUCTION
Despite enormous efforts expended on the resequencing of
human tumour genomes over the past decade, almost all of such
efforts have focused on the discovery of coding mutations.1 Many
critical proto-oncogenes become oncogenic due to aberrant
overexpression in human cancer cells through genomic abnorm-
alities such as chromosomal translocations, inversions and
deletions in noncoding genomic sequences.2 Recent discoveries
of small scale mutations in noncoding gene regulatory regions
have inspired considerable interest in identifying abnormalities
that create strong transcriptional enhancers or promoters capable
of driving the expression of critical oncogenes in human cancer.3–6
Although such efforts to identify 'driver mutations' in the
noncoding genome and distinguish them from 'passengers' has
been difﬁcult, it could be important as a way to implicate
targetable oncogenes for 'precision medicine', whose overexpres-
sion is based on clonal selection for aberrant transcriptional
enhancers.
The LIM-domain-only (LMO) proteins (LMO1-4) are transcrip-
tional regulatory proteins that are not able to directly bind to
DNA but rather contain two LIM domains that mediate protein-
protein interactions.7–10 In T-cell acute lymphoblastic leukaemia
(T-ALL) cells, either LMO1 or LMO2 is a critical component of a
transcriptional complex comprised of TAL1, TCF12/HEB, TCF3/E2A,
MYB, RUNX1, GATA3 and LDB1, which forms a positive inter-
connected auto-regulatory circuit that is a major driver of
malignant transformation in ~ 60% of cases of T-ALL in children
and adults.5,10–12
Both LMO1 and LMO2 are downregulated as thymocytes
progress in differentiation to the double-positive stage,10,13,14
and a critical event in transformation in this genetic subtype of
T-ALL is the aberrant upregulation of one of these two genes. One
cause of aberrant expression of LMO1 is the t(11;14)(p15;q11)
LMO1-TCRD rearrangement.9,15–17 However, o1% of T-ALL
patients harbour activating translocations involving LMO1, which
cannot explain its overexpression in each T-ALL case that
aberrantly overexpresses the LMO1 mRNA,18–20 suggesting that
other types of genetic abnormalities can cause aberrant expres-
sion of the LMO1 gene.
MATERIALS AND METHODS
Human T-ALL cell lines
The identities of T-ALL cell lines were conﬁrmed by analysis of short
tandem repeats using the PowerPlex 1.2 system (Promega, Fitchburg, WI,
USA) in January 2013, and the T-ALL cell lines used for ChIP-seq in this
study were reconﬁrmed in February 2016. All T-ALL cell lines were cultured
in RPMI-1640 medium supplemented with 10% FBS, L-glutamine and
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penicillin/streptomycin (Invitrogen, Waltham, MA, USA). HEK-293 T cells
were maintained in Dulbecco’s modiﬁed Eagle’s medium supplemented
with 10% FBS, L-glutamine and penicillin/streptomycin. Cell lines were
tested for mycoplasma contamination and found negative before used for
experiments.
Sequencing of the LMO1 enhancer region in T-ALL cell lines
The 739-bp genomic region of the LMO1 enhancer was ampliﬁed by PCR
using Phusion High-Fidelity DNA polymerase (New England Biolabs, Inc.,
Ipswich, MA, USA). The primers used are 5′-CACTTCGTCCTTCAGGCACT-3′
and 5′-CGGCGGGATTAGGAAGTCTC-3′. PCR products were puriﬁed using
QIAquick PCR puriﬁcation kit (Qiagen, Venlo, The Netherlands) and sent for
Sanger sequencing in both forward and reverse orientation (Genewiz, Inc.,
Cambridge, MA, USA).
Quantitative reverse transcriptase PCR (qRT-PCR)
RNeasy kit (Qiagen) was used to harvest total RNA from T-ALL cells, which
was then reverse transcribed with Superscript III (Invitrogen). Quantitative
PCR analysis was conducted with the ViiATM 7 system (Life Technologies,
Waltham, MA, USA) using SYBR Green PCR Master Mix (Roche, Basel,
Switzerland) and the following speciﬁc primers sets for each gene:
LMO1-F: 5′-CGCAAGATCAAGGACCGCTA-3′; LMO1-R: 5′-GCATCACCATCTC
GAAGGCT-3′; LMO2-F: 5′-TCGGCCATCGAAAGGAAGAG-3′; LMO2-R: 5′-ATG
GCCTTCAGGAAGTAGCG-3′; 18S-F: 5′-AACCCGTTGAACCCCATT-3′; 18S-R:
5′-CCATCCAATCGGTAGTAGCG-3′; MYB-F: 5′-TGTTGCATGGATCCTGTGTT-3′;
MYB-R: 5′-AGTTCAGTGCTGGCCATCTT-3′.
Analysis of SNPs in 5ʹ-UTR of LMO1
All RNA samples were DNase-treated (Qiagen) prior to Superscript III RT-
PCR (Invitrogen). The SNP named rs2071485 C/T in the LMO1 5’-UTR region
was analysed by PCR of Jurkat genomic DNA and paired Jurkat cDNA
samples, and sequencing with the following primer pairs: (1) for Jurkat
genomic DNA: 5′-TAGCGGGCTCTAATTACCCG-3′ and 5′-CGTCTCCACTCC
CCATTAACC-3′; (2) for Jurkat cDNA: 5′-GCCACGAGATTCCCCCATCT-3′ and
5′-CGGTCCTTGATCTTGCGGTT-3′. PCR products were puriﬁed using QIA-
quick PCR puriﬁcation kit (Qiagen) and sent for Sanger sequencing in both
forward and reverse orientation (Genewiz, Inc.).
Luciferase reporter assay
A 585-bp genomic region of the LMO1 enhancer mutation site was cloned
into pGL3-promoter vector (E176A, Promega), encoding a minimal SV40
promoter upstream of Fireﬂy luciferase (pGL3-Luc). For reporter assays,
additional information can be found in Supplementary Materials and
Methods.
Lentiviral shRNA induced MYB knockdown experiments
shRNA sequences were cloned into the lentiviral vector pLKO.1-puro. The
target sequences are 5′-ACAACAGCCACAACGTCTATA-3′ (GFP shRNA) and
5′-CCAGATTGTAAATGCTCATTT-3′ (MYB shRNA).12 Additional information
for lentiviral particles preparation and infection of T-ALL cells can be found
in Supplementary Materials and Methods.
Processing and analysis of chromatin immunoprecipitation
coupled with massively parallel DNA sequencing (ChIP-seq)
ChIP coupled with massively parallel DNA sequencing (ChIP-seq) was
performed and analysed as previously described.5,12 For additional
information, see Supplementary Materials and Methods.
Analysis of transcription factor binding motifs
Wild type and mutant LMO1 enhancer sequences were analysed with
UniPROBE as previously published.5,21,22 Locations of DNA sequence motifs
preferred by important T-ALL regulators were identiﬁed in the LMO1
enhancer by using FIMO with motif libraries from Transfac and
HOCOMOCO.23
ChIA-PET experiments and the data analysis in Jurkat cells
The ChIA-PET data were obtained from a previous study (PMID:26940867,
GEO ID: GSE68977).24 The data were processed using the Dowen pipeline
as described in PMID: 26940867 with minor modiﬁcations.24
Statistical analysis
Statistical signiﬁcance was assessed with Student’s t-test (two-tailed).
RESULTS
Aberrant enhancer activity associated with high-level expression
of LMO1 in human T-ALL cells
To identify mutations in the T-ALL genome that might signiﬁcantly
alter oncogene expression, we focused our search on aberrant,
sample-speciﬁc enhancers in 10 different human T-ALL cell lines as
identiﬁed by H3K27ac ChIP-seq. By focusing on the small fraction
of the genome enriched in H3K27ac, we eliminated much of the
vast human noncoding sequence from consideration. We also
focused on enhancers that were active in human T-ALL cell lines,
but not evident in normal thymocytes or CD34+ hematopoietic
stem and progenitor cells (HSPCs).
Human T-ALL cell lines generally express high levels of either
LMO1 or its close relative LMO2, consistent with the functional
redundancy of these two critical oncogenes in T-ALL transforma-
tion (Figure 1a). The three T-ALL cell lines that overexpress LMO1
(RPMI-8402, Jurkat and Loucy) also contain active enhancer
regions adjacent to the gene based on the H3K27ac ChIP-seq
results shown in Figure 1b. The previously identiﬁed normal
hematopoietic cell enhancer downstream of the LMO1 gene is
evident in normal CD34+ HSPCs20 and in the Loucy cell line
(Figure 1b), which has an early T-cell precursor (ETP ALL)
phenotype.25 The aberrant active enhancer we identiﬁed was
present upstream of the LMO1 gene in RPMI-8402 and Jurkat
T-ALL cell lines, but not in normal CD34+ HSPCs or normal thymus
(Figure 1b). RPMI-8402 cells contain the t(11;14)(p15;q11) LMO1-
TCRD chromosomal translocation, which juxtaposes LMO1 to gene
regulatory elements within the T-cell receptor α/δ locus, leading to
ectopic overexpression of LMO1.7 Jurkat cells, by contrast, lack a
chromosomal translocation to account for aberrant LMO1
enhancer activity and high levels of expression of the oncogene,
suggesting unknown cis-acting genomic lesions affecting LMO1
regulatory sequences that create the aberrant transcriptional
enhancer in Jurkat cells.
Identiﬁcation of a recurrent, somatic, heterozygous C-to-T single
nucleotide mutation in T-ALL
The aberrant enhancer in Jurkat cells is located ~ 4 kb upstream of
the proximal transcription start site of LMO1, which is used
exclusively by these cells based on polyA RNA-seq analysis
(Figure 1b and Supplementary Figure S1). ChIP-seq results showed
precise alignment of MYB binding and H3K27ac accumulation at
the site of the aberrant LMO1 enhancer in Jurkat cells (Figure 2a),
which prompted us to perform Sanger sequence analysis of the
genomic DNA region encompassing the MYB binding peak by
ChIP-seq. We identiﬁed a heterozygous C-to-T single nucleotide
mutation that aligned precisely with the MYB ChIP-seq peak in
Jurkat cells (Figure 2a and Supplementary Figure S2). None of the
remaining 19 human T-ALL cell lines had any detectable genomic
sequence abnormalities in this region (Supplementary Table S1).
Interestingly, we found that the mutation we identiﬁed, TCA to
TTA, conforms to an APOBEC mutational signature, TCN to TTN,
which has been widely identiﬁed across the genome in a variety of
human cancer types as 'signature 2'.26,27 APOBEC3 was highly
expressed during thymocyte development in the mouse
(Supplementary Figure S3A).28 There are 11 distinct human
APOBEC family members.29 Human T-ALL cell lines expressed
varying levels of APOBEC3B, 3C and 3G (Supplementary
Figure S3B). Consistently, RNA-seq data of 265 primary T-ALLs
(Figure 2c) revealed high levels of expression of APOBEC3C, 3D,
3 F and 3G in all cases and expression of APOBEC3A, 3B and 3H in
a subset of cases (Supplementary Figure S3C). These results
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indicate ample opportunity for APOBEC mutations to occur during
aberrant thymocyte development leading to T-ALL.
Sequencing of 187 paediatric primary T-ALL samples collected
at diagnosis identiﬁed 4 patients (2.14%) who harbour the same
heterozygous mutation. In three of these patients who had
matched diagnosis and remission samples, the mutations were
somatically acquired in the malignant T-ALL clone (Figure 2b and
Supplementary Figure S4). The somatic mutation was also
identiﬁed in the relapse sample available for one of these patients
(Figure 2b). The somatic origin of the mutant allele was further
conﬁrmed by its absence in the germline WGS data generated
from 2925 paediatric cancer patients. Two of the four primary
T-ALLs with LMO1 enhancer mutation harboured SIL-TAL1
deletion and one carried TCR-TAL2 translocation (Supplementary
Table S2), indicating that they belong to the TAL1/TAL2+
molecular subtype of T-ALL, consistent with the notion that TAL
and LMO proteins act as a complex and function cooperatively in
T-ALL transformation.30,31 None of these four cases had character-
istics of early T-cell precursor (ETP) ALL, in that the TCRγ chain was
rearranged in the three cases that were tested and the
immunophenoytpe of each case did not meet the criteria for
ETP ALL.32,33
Analysis of the available RNA-seq data showed that the T-ALL
tumour with the LMO1 enhancer mutation had the sixth highest
expression level of LMO1 relative to the 264 T-ALLs analysed in the
NCI TARGET (Figure 2c), consistent with the cancer cell line data
(Figure 1a). This ﬁnding emphasizes the importance of the
matched gene expression data in interpreting the consequences
of noncoding mutations and shows that the C-to-T mutation leads
to high expression levels of LMO1 in patient samples as well as in
Jurkat cells. We have previously shown that a common single
nucleotide polymorphism in the ﬁrst intron of the LMO1 gene is
highly associated with LMO1 expression in neuroblastoma cells.34
RNA-seq analysis showed that ~ 4% of T-ALL tumours express high
levels of LMO1, whereas 79% of neuroblastoma tumours express
high levels of this gene (Figure 2c). Analysis of the sequence of
this region in 214 diagnostic samples and 21 relapse samples from
neuroblastoma patients identiﬁed only the reference C allele at
this position, with no evidence for the C-to-T mutation.
The C-to-T mutation introduces a MYB binding motif and drives
LMO1 overexpression
Analysis of the genomic sequences of both C and T alleles, using
UniPROBE and HOCOMOCO databases,21,23 identiﬁed a de novo-
binding motif for the MYB transcription factor (Figure 3a and
Supplementary Table S3), while analysis of the MYB and H3K27ac
ChIP-seq DNA sequence reads aligned with this site demon-
strated that MYB and H3K27ac were bound almost exclusively by
the T allele (Figure 3b). Genomic and cDNA sequencing of the
5’UTR of the LMO1 gene demonstrated monoallelic expression of
LMO1 in Jurkat cells (Figure 3c). Importantly, analysis of the
whole-genome sequencing and RNA-seq data of the primary
T-ALL sample with C-to-T mutation also showed monoallelic
expression of LMO1 (Supplementary Figure S5). Knockdown of
MYB expression using lentivirus-transduced shRNA decreased
Figure 1. Aberrant enhancer upstream of the LMO1 gene in RPMI-8402 and Jurkat cells. (a) mRNA expression of LMO1 (upper panel) and LMO2
(lower panel) determined by quantitative polymerase chain reaction (PCR) and normalized to human 18S ribosomal RNA in 12 human T-ALL
cell lines. (b) Normalized ChIP-seq tracks of H3K27ac at the LMO1 locus in human fetal thymic tissue, human puriﬁed normal hematopoietic
stem cell sample (CD34+) that expresses LMO1 mRNA, and 10 human T-ALL cell lines. The black arrow beneath the chart indicates the direction
of LMO1 transcription. ChIP-seq read densities (y axis) are normalized to reads per million reads sequenced in each sample.
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the expression of LMO1 signiﬁcantly in Jurkat cells (Figure 3d),
indicating that MYB binding to the somatically acquired
heterozygous MYB binding motif leads to enhanced expression
of LMO1 in T-ALL from the same allele.
To ascertain whether this single base-pair substitution can
activate LMO1 gene expression, we cloned a 585-bp genomic DNA
fragment from either the C allele or T allele upstream of luciferase
and tested the enhancer activity of this fragment in a reporter
Figure 2. A C-to-T single nucleotide mutation is somatically acquired in human T-ALL. (a) Identiﬁcation of a heterozygous C-to-T single
nucleotide substitution that aligns precisely with the MYB ChIP-seq peak in Jurkat cells, designated C allele and T allele, respectively. (b) Whole
genome sequencing (WGS) reads from diagnosis (top), relapse (middle) and remission (bottom) DNA of a T-ALL patient with the C-to-T
mutation (shown as G-to-A and pointed by the arrow). Mismatch to the reference genome, which represents the mutant allele, is labelled in
red. Lower-case letters are used to present residues with low sequence quality (quality score o20). (c) Scatterplot of LMO1 expression in
pediatric T-ALL (left panel) and neuroblastoma (right panel) by RNA-seq data generated by the TARGET project. The T-ALL sample with the
C-to-T mutation is marked in red and by an arrow.
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assay (Figure 3e). When introduced into Jurkat cells, the construct
containing the T allele exhibited robust reporter activity, which
was four-fold greater than that of the fragment containing the
C allele (Figure 3f). However, the T allele reporter showed no
increased activity over that of the C allele in human HEK-293 T cells
(Figure 3f), suggesting that MYB and other members of the TAL1
complex expressed by Jurkat cells are required for the activation
of gene expression from this site.5,12 Taken together, we have
shown that the somatically acquired C-to-T mutation that creates
a MYB binding motif ~ 4 kb upstream of the proximal transcription
start site of LMO1 in T-ALL can generate an active transcriptional
enhancer that drives monoallelic overexpression of the LMO1
oncogene.
MYB binding leads to a large aberrant enhancer upstream of the
LMO1 start site
Our discovery of an aberrant oncogenic enhancer upstream of the
LMO1 gene differs in important ways from the super-enhancer
we identiﬁed upstream of the TAL1 gene.5 Although enhancer
mutations in both cases create a de novo MYB binding site, which
in turn initiates a large aberrant enhancer that drives expression of
a T-ALL oncogene, the mutations upstream of TAL1 consist of 2- to
18-bp insertions, while in the case of LMO1, the causal mutation is
a C-to-T single nucleotide transition. Another difference is that,
although the LMO1 enhancer is quite large, it does not meet the
strict deﬁnition of a 'super-enhancer', as shown in Jurkat cells by
both an enhancer rank chart (Figure 4a) and a frequency
distribution of the enhancer signal (log10; Figure 4b). As we and
others have shown for TAL1,12,35 knockdown of LMO1 transcripts
by lentivirus-transduced shRNA in Jurkat cells demonstrates that
high levels of LMO1 expression are required for cell survival
(Figures 4c and d), emphasizing that aberrant enhancer elements
can alter gene expression sufﬁciently to qualify as oncogenic
drivers in T-ALL, despite their lack of full super-enhancer status.
Binding of other members of TAL1 complex to the LMO1 enhancer
in Jurkat cells
By ChIP-seq analysis in Jurkat cells, we found that MYB binding to
the C-to-T mutation site in Jurkat cells is precisely aligned with the
binding of other core components of the TAL1 complex, including
GATA3, RUNX1 and TAL1, as well as LMO1 itself (Figure 5a).5,12
These transcription factors do not bind near this site in the CCRF-
CEM cell line, which lacks the C-to-T substitution, underscoring the
biological importance of the C-to-T mutation that mediates MYB
binding, and is required to initiate an active enhancer in this
region (Figure 5a). Careful analysis of the sequence of the
Figure 3. The C-to-T single nucleotide mutation creates a MYB transcription factor-binding motif and activates LMO1 transcription through
recruitment of MYB. (a) C-to-T substitution introduces a de novo MYB transcription factor-binding motif. (b) ChIP-Seq reads for H3K27ac and
MYB preferentially align with reference sequences containing the T mutation. Counts of reads aligning with fragments containing T (T allele,
red) and fragments containing C (C allele, blue) are displayed as bar plots. (c) Sanger sequencing chromatograms of genomic DNA and cDNA
show that the LMO1 gene is expressed from one allele in Jurkat cells. (top) The SNP rs2071458 shown by Sanger sequencing of genomic DNA
in coding region of LMO1 gene; (bottom) Sanger sequencing of Jurkat cDNA. (d) mRNA levels of MYB and LMO1 determined by quantitative
real-time PCR in Jurkat cells with or without lentiviral shRNA-induced MYB knockdown. *Po0.05; ***Po0.001 by two-sample, two-tailed
t test. (e) A 585-bp genomic DNA fragment from either the C allele or T allele was cloned upstream of luciferase. (f) The luciferase constructs
from (e) were delivered into Jurkat and HEK293T cells. In 36 h, the ﬁreﬂy luciferase activity was measured, normalized to renilla luciferase and
expressed as a ratio relative to activity of the reference C allele enhancer construct. **Po0.01 by two-sample, two-tailed t-test.
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reference genome near the mutation site identiﬁed the preferred
binding motifs for RUNX1, GATA3 and ETS1, as well as E-box
motifs characteristic of binding by TAL1-E2A heterodimers
(Figure 5b). Analysis of the DNA sequences immunoprecipitated
in the ChIP-seq experiments showed that RUNX1, GATA3, TAL1,
CBP and Pol II each binds preferentially to the allele with the
T base-pair mutation in Jurkat cells, indicating that the enhancer
activity occurs only after MYB binding, subsequent to the
acquisition of this single base-pair substitution (Figure 5c). We
also used chromatin interaction analysis with paired-end tag
sequencing (ChIA-PET)24 in Jurkat cells to demonstrate that the
aberrant LMO1 enhancer interacts with a region 1.7 kb down-
stream of the proximal LMO1 transcription start site used by Jurkat
cells (Figure 5d and Supplementary Figure S1), indicating that the
active enhancer mediated by the acquired MYB binding motif
loops to the LMO1 gene promoter region to regulate the
transcription of LMO1 (Figure 5e).
DISCUSSION
A major question related to noncoding mutations that give rise to
oncogenic enhancer elements is whether these enhancers are
tissue-type speciﬁc or whether the same elements can function in
different types of tumours. We recently reported that genetic
predisposition to neuroblastoma is mediated by an inherited G-T
polymorphism that controls a super-enhancer within the ﬁrst
intron of LMO1 in these cells,34 promoting us to compare
regulation of the LMO1 oncogene in neuroblastoma with that in
T-ALL. We did not ﬁnd the C-to-T mutation in 214 diagnostic
samples and 21 relapse samples from neuroblastoma patients,
indicating the mutation-induced enhancer that activates LMO1
expression in T-ALL does not arise during clonal evolution in
neuroblastoma, emphasizing the context-dependence of this
mode of transcriptional regulation. Similarly, even though GATA3
is highly expressed in T-ALL cells,12 the GATA3 binding site in the
ﬁrst intron of LMO1, which mediates super-enhancer formation in
neuroblastoma,34 is not bound by GATA3 in T-ALL cells (compare
Figure 5a with 3a in Oldridge et al.34). These ﬁndings illustrate the
complex nature of lineage-speciﬁc enhancer formation in
tumorigenesis as well as development, and underscore the need
for further research into the lineage-restricted factors required for
enhancer formation.
Different mutational processes leave characteristic signatures in
cancer genomes, which implicate the mechanisms underlying the
somatic mutations that arise during the evolution of human
tumours.26,36 The somatic insertions upstream of TAL1 oncogene
that we recently identiﬁed in T-ALL are likely acquired due to the
expression of RAG1 and RAG2 in early lymphoid cells.5,6 The C-to-T
mutation described here occurs in the context of a TCA motif,
corresponding to one of the APOBEC-induced mutational
signatures.26,29,36 We recognize that C-to-T transitions can be
caused by mechanisms other than the APOBEC deaminases;36
however, somatic mutations with the distinctive APOBEC signa-
ture mutations have been widely identiﬁed across the genome in
a variety of human cancer types, including breast cancer, lung
cancer and acute myeloid leukaemia, as well as acute lympho-
blastic leukaemia.26,27,29,36–38 In a recent study39 of 560 breast
cancers and matched non-neoplastic tissue,470% of the tumours
harboured from 10 to 90 000 mutations whose signatures
reﬂected aberrant APOBEC DNA-editing activity, and most of
these were located within the noncoding regions of the genome.
Cancer risk variants that affect the noncoding genome pose
difﬁcult challenges such as discriminating between 'driver' and
'passenger' mutations. Our studies provide a clear example of how
noncoding single base pair substitutions can function as
oncogenic drivers by introducing a single transcription factor-
binding site at a strategic location in the patient’s genome.
Aberrant binding of the speciﬁc transcription factor, in this case
MYB, can then initiate the formation of an oncogene-speciﬁc
enhancer complex that drives high levels of oncogene expression.
Figure 4. Analysis of the LMO1 aberrant active enhancer and the requirement of LMO1 expression for cell survival in Jurkat cells.
(a) Distribution of H3K27ac ChIP-seq signal at enhancers in Jurkat cells. Enhancer regions are plotted in increasing order based on their input-
normalized H3K27ac ChIP-seq signal. (b) Frequency distribution of H3K27ac ChIP-seq enhancer signal (log10) in Jurkat cells. Enhancers
qualifying as 'super-enhancers' are shown as red bars. (c) Knockdown of LMO1 by lentivirus-transduced shRNA decreased cell viability in Jurkat
cells. (d) Western blot results show the protein levels of LMO1 and PARP cleavage in control and LMO1 overexpressing Jurkat cells after LMO1
knockdown.
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Despite the rapid and revolutionary advancement of genomic
sequencing technologies over the past decade, efforts to identify
'driver mutations' in the noncoding genome of cancer cells have
been challenging because the noncoding genome, exclusive of
transposons, repeated sequence elements and heterochromatin,
is at least 30 times larger and more complex than the coding
genome.40 To identify and distinguish 'driver mutations' from
'passenger mutations' in noncoding genome of cancer, it will be
important to perform both H3K27ac ChIP-seq and RNA-seq, in
addition to whole-genome sequencing, for each tumour sample.
The H3K27ac ChIP-seq results allow one to focus on mutations
that occur within active enhancers, which greatly reduce the
number of mutations that could act in this manner. Since
mutations that upregulate oncogene expression are often
heterozygous, the sequence of the DNA fragments precipitated
in the ChIP-seq procedure should preferentially include the
mutated compared with the reference sequence. RNA-seq should
then indicate high levels of expression of the target gene, and the
presence of SNPs within the expressed sequences should reveal
preferential expression of one of the two alleles. As illustrated in
our study, this experimental approach should readily identify bona
ﬁde driver mutations that act by initiating aberrant enhancers
within the noncoding genome of human cancers. Regulatory
mutations of this type provide clear evidence for selection during
clonal evolution, and thus both the oncoprotein that is
upregulated and the aberrantly activated transcriptional machin-
ery provide attractive targets for therapeutic inhibition.41,42
CONFLICT OF INTEREST
The authors declare no conﬂict of interest.
ACKNOWLEDGEMENTS
We thank J Gilbert for helpful editorial comments on the manuscript. We gratefully
acknowledge the children with T-ALL and their families for the samples analysed in
Figure 5. MYB binding initiates binding of other members of TAL1 complex to the aberrant LMO1 enhancer. (a) ChIP-seq tracks at the
LMO1 locus for GATA3, LMO2, LMO1, RUNX1, TAL1, MYB, CBP, H3K4me3, H3K27ac, and RNA polymerase II (Pol II) in CCRF-CEM and Jurkat cells.
(b) (upper) Schematic depiction of the region ﬂanking the C-to-T mutation site (Chr 11: 8,289,481 (hg19)), showing binding sites for members of
the TAL1 complex. (lower). Sense and antisense strands of DNA of the enhancer regions in the wild-type reference genome highlighting
sequence motifs for TAL1 complex members. (c) ChIP-seq read counts for sequences immunoprecipitated by antibodies to RUNX1, GATA3,
TAL1, CBP and Pol II, aligned with either the reference C allele (blue) or the mutant T allele (red). (d) ChIA-PET result showing that the C-to-T
mutation site interacts with DNA 1.7 kb downstream of the proximal transcription start site of LMO1. (e) Model of transcription factor binding
in the aberrant MYB-initiated enhancer complex that interacts with the promoter region of LMO1 in Jurkat cells.
Aberrant enhancer drives LMO1 expression in T-ALL
Z Li et al
2063
Leukemia (2017) 2057 – 2064
these studies. ZL was supported by Alex's Lemonade Stand Foundation for Childhood
Cancer. BJA is the Hope Funds for Cancer Research Grillo-Marxuach Family Fellow.
JZ and YL are supported in part by the American Lebanese Syrian Associated
Charities, National Institutes of Health Grants CA21765 and GM92666. TS is supported
by the National Research Foundation, Prime Minister’s Ofﬁce, Singapore under its
Competitive Research Programme (Award No. NRF-NRFF2013-02), MRM and AF are
supported by grants from Bloodwise and CRUK, and NF is funded by the Great
Ormond Street Hospital Charity. A proportion of the primary haematological
malignancy samples used in this study were provided by Bloodwise Childhood
Leukaemia Cell Bank and UKALL-14 trial bank. This work was funded by NIH grants
5P01CA109901 (ATL, RAY) and 1R35 CA210064-01 (ATL). RAY is a founder and
member of the Board of Directors of Syros Pharmaceuticals, a company developing
therapies that target gene regulatory elements including super-enhancers.
REFERENCES
1 Wheeler DA, Wang L. From human genome to cancer genome: the ﬁrst decade.
Genome Res 2013; 23: 1054–1062.
2 Khurana E, Fu Y, Chakravarty D, Demichelis F, Rubin MA, Gerstein M. Role of non-
coding sequence variants in cancer. Nat Rev Genet 2016; 17: 93–108.
3 Horn S, Figl A, Rachakonda PS, Fischer C, Sucker A, Gast A et al. TERT promoter
mutations in familial and sporadic melanoma. Science 2013; 339: 959–961.
4 Huang FW, Hodis E, Xu MJ, Kryukov GV, Chin L, Garraway LA. Highly recurrent
TERT promoter mutations in human melanoma. Science 2013; 339: 957–959.
5 Mansour MR, Abraham BJ, Anders L, Berezovskaya A, Gutierrez A, Durbin AD et al.
Oncogene regulation. An oncogenic super-enhancer formed through somatic
mutation of a noncoding intergenic element. Science 2014; 346: 1373–1377.
6 Navarro JM, Touzart A, Pradel LC, Loosveld M, Koubi M, Fenouil R et al. Site- and
allele-speciﬁc polycomb dysregulation in T-cell leukaemia. Nat Commun 2015; 6:
6094.
7 Matthews JM, Lester K, Joseph S, Curtis DJ. LIM-domain-only proteins in cancer.
Nat Rev Cancer 2013; 13: 111–122.
8 Rabbitts TH. LMO T-cell translocation oncogenes typify genes activated by
chromosomal translocations that alter transcription and developmental
processes. Genes Dev 1998; 12: 2651–2657.
9 Boehm T, Foroni L, Kennedy M, Rabbitts TH. The rhombotin gene belongs to a
class of transcriptional regulators with a potential novel protein dimerisation
motif. Oncogene 1990; 5: 1103–1105.
10 Chambers J, Rabbitts TH. LMO2 at 25 years: a paradigm of chromosomal
translocation proteins. Open Biol 2015; 5: 150062.
11 Chervinsky DS, Zhao XF, Lam DH, Ellsworth M, Gross KW, Aplan PD. Disordered
T-cell development and T-cell malignancies in SCL LMO1 double-transgenic mice:
parallels with E2A-deﬁcient mice. Mol Cell Biol 1999; 19: 5025–5035.
12 Sanda T, Lawton LN, Barrasa MI, Fan ZP, Kohlhammer H, Gutierrez A et al. Core
transcriptional regulatory circuit controlled by the TAL1 complex in human T cell
acute lymphoblastic leukemia. Cancer Cell 2012; 22: 209–221.
13 Ferrando AA, Herblot S, Palomero T, Hansen M, Hoang T, Fox EA et al. Biallelic
transcriptional activation of oncogenic transcription factors in T-cell acute
lymphoblastic leukemia. Blood 2004; 103: 1909–1911.
14 Herblot S, Steff AM, Hugo P, Aplan PD, Hoang T. SCL and LMO1 alter thymocyte
differentiation: inhibition of E2A-HEB function and pre-T alpha chain expression.
Nat Immunol 2000; 1: 138–144.
15 Boehm T, Baer R, Lavenir I, Forster A, Waters JJ, Nacheva E et al. The mechanism of
chromosomal translocation t(11;14) involving the T-cell receptor C delta locus on
human chromosome 14q11 and a transcribed region of chromosome 11p15.
EMBO J 1988; 7: 385–394.
16 Boehm T, Buluwela L, Williams D, White L, Rabbitts TH. A cluster of chromosome
11p13 translocations found via distinct D-D and D-D-J rearrangements of the
human T cell receptor delta chain gene. EMBO J 1988; 7: 2011–2017.
17 McGuire EA, Hockett RD, Pollock KM, Bartholdi MF, O'Brien SJ, Korsmeyer SJ. The
t(11;14)(p15;q11) in a T-cell acute lymphoblastic leukemia cell line activates
multiple transcripts, including Ttg-1, a gene encoding a potential zinc ﬁnger
protein. Mol Cell Biol 1989; 9: 2124–2132.
18 Asnaﬁ V, Beldjord K, Libura M, Villarese P, Millien C, Ballerini P et al. Age-related
phenotypic and oncogenic differences in T-cell acute lymphoblastic leukemias
may reﬂect thymic atrophy. Blood 2004; 104: 4173–4180.
19 Ferrando AA, Neuberg DS, Staunton J, Loh ML, Huard C, Raimondi SC et al.
Gene expression signatures deﬁne novel oncogenic pathways in T cell acute
lymphoblastic leukemia. Cancer Cell 2002; 1: 75–87.
20 Oram SH, Thoms J, Sive JI, Calero-Nieto FJ, Kinston SJ, Schutte J et al. Bivalent
promoter marks and a latent enhancer may prime the leukaemia oncogene LMO1
for ectopic expression in T-cell leukaemia. Leukemia 2013; 27: 1348–1357.
21 Hume MA, Barrera LA, Gisselbrecht SS, Bulyk ML. UniPROBE, update 2015: new
tools and content for the online database of protein-binding microarray data on
protein-DNA interactions. Nucleic Acids Res 2015; 43: D117–D122.
22 Newburger DE, Bulyk ML. UniPROBE: an online database of protein binding
microarray data on protein-DNA interactions. Nucleic Acids Res 2009; 37:
D77–D82.
23 Kulakovskiy IV, Vorontsov IE, Yevshin IS, Soboleva AV, Kasianov AS, Ashoor H et al.
HOCOMOCO: expansion and enhancement of the collection of transcription
factor binding sites models. Nucleic Acids Res 2016; 44: D116–D125.
24 Hnisz D, Weintraub AS, Day DS, Valton AL, Bak RO, Li CH et al. Activation of
proto-oncogenes by disruption of chromosome neighborhoods. Science 2016;
351: 1454–1458.
25 Anderson NM, Harrold I, Mansour MR, Sanda T, McKeown M, Nagykary N et al.
BCL2-speciﬁc inhibitor ABT-199 synergizes strongly with cytarabine against the
early immature LOUCY cell line but not more-differentiated T-ALL cell lines.
Leukemia 2014; 28: 1145–1148.
26 Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV et al.
Signatures of mutational processes in human cancer. Nature 2013; 500: 415–421.
27 Burns MB, Temiz NA, Harris RS. Evidence for APOBEC3B mutagenesis in multiple
human cancers. Nat Genet 2013; 45: 977–983.
28 Seita J, Sahoo D, Rossi DJ, Bhattacharya D, Serwold T, Inlay MA et al. Gene
Expression Commons: an open platform for absolute gene expression proﬁling.
PLoS One 2012; 7: e40321.
29 Swanton C, McGranahan N, Starrett GJ, Harris RS. APOBEC Enzymes: Mutagenic
Fuel for Cancer Evolution and Heterogeneity. Cancer Discov 2015; 5: 704–712.
30 Larson RC, Lavenir I, Larson TA, Baer R, Warren AJ, Wadman I et al. Protein
dimerization between Lmo2 (Rbtn2) and Tal1 alters thymocyte development
and potentiates T cell tumorigenesis in transgenic mice. EMBO J 1996; 15:
1021–1027.
31 Valge-Archer VE, Osada H, Warren AJ, Forster A, Li J, Baer R et al. The LIM protein
RBTN2 and the basic helix-loop-helix protein TAL1 are present in a complex in
erythroid cells. Proc Natl Acad Sci USA 1994; 91: 8617–8621.
32 Coustan-Smith E, Mullighan CG, Onciu M, Behm FG, Raimondi SC, Pei D et al.
Early T-cell precursor leukaemia: a subtype of very high-risk acute lymphoblastic
leukaemia. Lancet Oncol 2009; 10: 147–156.
33 Gutierrez A, Dahlberg SE, Neuberg DS, Zhang J, Grebliunaite R, Sanda T et al.
Absence of biallelic TCRgamma deletion predicts early treatment failure in
pediatric T-cell acute lymphoblastic leukemia. J Clin Oncol 2010; 28: 3816–3823.
34 Oldridge DA, Wood AC, Weichert-Leahey N, Crimmins I, Sussman R, Winter C et al.
Genetic predisposition to neuroblastoma mediated by a LMO1 super-enhancer
polymorphism. Nature 2015; 528: 418–421.
35 Palii CG, Pasha R, Brand M. Lentiviral-mediated knockdown during ex vivo ery-
thropoiesis of human hematopoietic stem cells. J Vis Exp 2011. doi: 10.3791/2813.
36 Helleday T, Eshtad S, Nik-Zainal S. Mechanisms underlying mutational signatures
in human cancers. Nat Rev Genet 2014; 15: 585–598.
37 Roberts SA, Lawrence MS, Klimczak LJ, Grimm SA, Fargo D, Stojanov P et al. An
APOBEC cytidine deaminase mutagenesis pattern is widespread in human can-
cers. Nat Genet 2013; 45: 970–976.
38 Henderson S, Fenton T. APOBEC3 genes: retroviral restriction factors to cancer
drivers. Trends Mol Med 2015; 21: 274–284.
39 Nik-Zainal S, Davies H, Staaf J, Ramakrishna M, Glodzik D, Zou X et al. Landscape
of somatic mutations in 560 breast cancer whole-genome sequences. Nature
2016; 534: 47–54.
40 Gregory TR. Synergy between sequence and size in large-scale genomics. Nat Rev
Genet 2005; 6: 699–708.
41 Kwiatkowski N, Zhang T, Rahl PB, Abraham BJ, Reddy J, Ficarro SB et al. Targeting
transcription regulation in cancer with a covalent CDK7 inhibitor. Nature 2014;
511: 616–620.
42 Loven J, Hoke HA, Lin CY, Lau A, Orlando DA, Vakoc CR et al. Selective inhibition of
tumor oncogenes by disruption of super-enhancers. Cell 2013; 153: 320–334.
This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/
© The Author(s) 2017
Supplementary Information accompanies this paper on the Leukemia website (http://www.nature.com/leu)
Aberrant enhancer drives LMO1 expression in T-ALL
Z Li et al
2064
Leukemia (2017) 2057 – 2064
